Clinoforms on modern shelves and slopes, as well as in ancient rock records, are widely recognized as a fundamental building element of continental margin growth. Regardless of their dominant lithology, clinoforms are composed of three geometric elements: topset, foreset and bottomset. Traditionally, much emphasis in the study of clinoforms was put on the geometry of the topset, viewed as the most energetic portion of a clinoform and studied to discern if aggradation was active rather than erosional truncation, and on the foreset, the area with the highest sediment accumulation rates. Here we focus on the factors forcing clinoforms to taper out and on the inferred mechanisms for bottomset creation. We base our analysis on muddy shelf clinoforms, a particular class of clinoforms that is typical of low-gradient settings and is characterized by a substantial component of shoreparallel sediment transport. This paper is based on a large dataset of CHIRP-sonar profiles, bathymetric and isopach maps of the Late Holocene clinoform on the Adriatic shelf, where integrated stratigraphic studies from sediment cores allow a very high (in some cases century-scale) chronological resolution. Knowledge on the dominant oceanographic regime affecting sediment dispersal and, ultimately, clinoform development, has been recently refined during the EuroSTRATAFORM collaboration. Muddy clinoforms are markedly three-dimensional features that cannot be entirely understood solely on two-dimensional shore normal sections. We suggest that this class of clinoform is advection dominated and that an increase in the energy regime at the toe of the foreset may prevent sediment from reaching beyond the transition to the bottomset region.
INTRODUCTION
The distribution of fine sediment on continental shelves has been the object of detailed studies by physical oceanographers for decades, following the pioneering work by McCave (1972) . The location where modern mud preferentially accumulates on the continental shelves depends on several factors, including the amount of suspended particulate matter, the characteristics of sediment sources, and the hydrodynamic energy controlling transport and/or deposition of the suspended fine particles (McCave, 1972) . The interaction of these parameters leads to the definition of two distinct sites of mud deposits, which can occur as muddy coastal prisms (shelf clinoforms), nearshore, or mud belts, originally called shelf mud blankets, on the mid-and outer-shelf (McCave, 1972) .
Seaward of major deltas, as in the case of the Amazon , the Yellow River (Alexander et al., 1991) , the Fly (Harris et al., 1996) and the Ganges-Brahmaputra (Kuehl et al., 1997) , and along the Mediterranean margins , muddy shelf clinoforms develop. Typically, these clinoforms have sediment accumulation rates exceeding 1.5 cm yr -1 and have been building during the Holocene, after sea level had reached approximately its present position. They extend hundreds of kilometres away from major deltas and exhibit thickness distributions that appear strongly asymmetric with respect to their parent deltas. Both of these characteristics reflect the regional oceanographic processes that redistribute river-borne sediment predominantly along the shelf.
In the Mediterranean Sea, late Holocene clinoforms share several additional characteristics having: (1) fine-grained deposits up to 35 m thick, (2) low-angle foreset dip of 1 degree or less, and (3) bottomset regions characterized by either a sharp termination of seismic reflectors or, more commonly, a low-angle transition to a distal shelf drape. Examples of Mediterranean shelf clinoforms come from the Ebro (Diaz et al., 1990 (Diaz et al., , 1996 , the Rhône (Gensous and Tesson, 2003) , the Tiber (Bellotti et al., 1994) , the Danube (Giosan, 1998) , the Thermaikos (Lykousis et al., 2005) , and the Adriatic (Cattaneo et al., 2003) .
The clinoform is a composite surface, which records the complex interplay between a number of processes such as tidal and wave reworking, diffusion, slope avalanche, and bypass . Most of the muddy shelf clinoforms with sigmoidal geometry have been documented in high-energy, wave or tide-dominated systems including the Amazon, the Ganges-Brahmaputra, and the Fly (Wright and Coleman, 1973) . As a consequence, numerical models explaining the origin of clinoforms are based on gradual variations of the shear stress at the seafloor, induced by waves or bottom currents, as the primary controlling parameter (Pirmez et al., 1998) . More recently, other processes, like the formation of fluid muds, have been also considered important in the formation of the Amazon clinoform (Cacchione et al., 1995; Kineke and Sternberg, 1995) , in the Gulf of Mexico (Bentley et al., 2003) , and in the Gulf of Papua, New Guinea (Walsh et al., 2004) . Furthermore, in several cases, modern fluvio-deltaic settings build compound systems where progradation takes place in two distinct areas: the coastal plain delta with a subaerial topset, and the subaqueous clinoform, composed of three geometric elements: topset, foreset and bottomset (Nittrouer et al., 1996; Steckler, 1999; Swenson et al., 2005) .
In the literature, the topset and foreset regions have received more attention, for example in the definition of the geometric differences between sigmoidal vs. oblique clinoforms (e.g., Mitchum et al., 1977) , even if the clinoforms described in early seismic stratigraphic studies were at a much larger scale that those described on modern continental shelves. Traditionally, in the study of muddy shelf clinoforms, the topset region is viewed as the most energetic portion of a clinoform and studied to discern if aggradation is active rather than erosional truncation. In subaqueous deltas (shelf clinoforms) deposited during a relative sea-level stillstand, the main parameter limiting accommodation on the shelf is the intensity of the oceanographic regime and, consequently, the depth of the clinoform rollover point (i.e., the topset-foreset transition) is assumed to reflect the seaward limit beyond which wave-current shear stress, preventing sediment deposition in the topset region, decreases (e.g., DeMaster et al., 1985; Nittrouer et al., 1986; Kuehl et al., 1986; Alexander et al., 1991; Pirmez et al., 1998 , Walsh et al., 2004 . Topsets experience high near-bed shear stress resulting in dominant sediment bypass (Nittrouer et al., 1996) , whereas in the foreset shear stress decreases with increasing water depth and sediment accumulation is at its maximum. In the bottomset, decreasing sediment accumulation is often assumed to simply reflect a decreased sediment flux compared to the more proximal foreset (Pirmez et al., 1998; Driscoll and Karner, 1999) .
These simplified explanations may not apply in cases where the whole clinoform accumulates in shallow water depth, as in the case of the Atchafalaya clinoform in the Gulf of Mexico (< 8 m water depth; Neill and Allison, 2005) . In this shallow clinoform, with limited accommmodation space and relatively low sediment supply, resuspension plays a key role especially on the shallow topset during the passage of cold fronts and occasional cyclonic storms, and provides sediment that is then redistributed further offshore (and alongshore) to the foreset-bottomset region (Neill and Allison, 2005) .
Another key element of muddy clinoforms is the presence of a foreset strike which is parallel, over hundreds of kilometers, to the coastline and to the clinoform thickness distribution. This configuration suggests that sediment transport is dominantly sub-parallel to the clinform strike (Cattaneo et al., 2003) . This observation is consistent with model results
showing that the along-strike variability of a clinoform is greater close to a deltaic source, and minimum in distal positions more impacted by along-margin hydrodynamic regimes (Driscoll and Karner, 1999) . Bottom currents (whatever their nature, tidal, thermohaline, etc.) may also play a critical role in transporting and trapping sediment on the shelf, as in the case of the East China Sea (Liu et al., in press) , even if there are no specific case studies of sediment dynamics and direct oceanographic measurements focussed on bottomset areas.
Here we review the main factors that govern the growth of clinoforms, compare them with our observations on the Adriatic mud clinoform and discuss, in particular, the factors controlling bottomset sediment dynamics. The Po-Adriatic composite shelf clinoform described by Cattaneo et al. (2003) , Frignani et al. (2005) , Palinkas et al. (2005) and Correggiari et al. (2005a, b) is a particularly interesting example of modern clinoform. The available data allow linking short-term processes and the distribution of energy on the shelf to explain the longer-term growth and the internal geometry of the clinoform. Based on a large dataset of CHIRP sonar profiles, bathymetric maps, seafloor imagery and sediment core data, we propose potential mechanisms to explain the evidence of strike-parallel sediment dispersal in the foreset region and the processes responsible for the formation of bottomsets, including the role of storm wave and shelf currents.
BACKGROUND

Adriatic morphology
The modern Adriatic Sea is a narrow epicontinental basin (ca. 200 x 800 km) with a low axial topographic gradient (ca. 0.02°) in the north, and a steeper shelf farther south (Fig. 1) .
The late Holocene clinoform on the Adriatic shelf reaches up to 35 m in thickness with a volume of 180 km 3 (that correspond to 450 10 9 tons of sediment at an average density of 2.5 g cm -3 ) and rests above a regional downlap surface, the maximum flooding surface (mfs), dated ca. 5.5 cal kyr BP (Asioli, 1996; Correggiari et al., 2001; Cattaneo et al., 2003 (Figs. 2 and 3) . The maximum foreset steepness is consistently observed on sections perpendicular to the coast and reaches the absolute maximum on the E-W stretch North of Gargano Promontory which seems to act as an obstacle for the Western Adriatic Coastal Current (WACC) sediment dispersal system. Highresolution seismic-stratigraphic and tephra correlation indicate that a thin basal unit represents condensed deposition between 5.5 and 3.7 cal. kyr BP over much of the basin (Correggiari et al., 2001; Oldfield et al., 2003; Lowe et al., this volume) . Above this unit, sediment accumulation rates increased to high values (up to 1.5 cm yr -1 ) due to the forcing from high frequency climatic or anthropogenic changes (Correggiari et al., 2005a) .
Supply regime
Fluvial sediment sources are located almost exclusively along the north and western side of the Adriatic basin, with a combined modern delivery of 51.7 10 6 t yr -1 of mean suspended load with contributions of 3 10 6 t y -1 from eastern Alpine rivers, 15 10 6 t y -1 from the Po river, 32.2 10 6 t y -1 from the eastern Apennine rivers and 1.5 10 6 t y -1 from rivers south of the Gargano promontory (Frignani et al., 1992; Milliman and Syvitski, 1992; Sorgente, 1999; Cattaneo et al., 2003) . In spite of a smaller drainage area, the Apennine rivers have a sediment yield double of that of the Po river, mainly in response of the muddy lithologies of their catchment basins. Frignani et al. (2005) . This river is 170 km long and is characterized by a flashing regime, which results from extremely variable snowmelt and precipitation patterns, with flood events characterised by sharp rising and falling limbs (Gurnell et al., 2001) . The 50-year return-period peak discharge is 3500 m 3 s -1 and the 500 years return period exceeds 6000 m 3 s -1 (Maione and Machne, 1982) . The last major flood event occurred in 1966, when a peak discharge greater than 4000 m 3 s -1 was estimated at Latisana gauging station (Spaliviero, 2003) .
Energy regime
The Adriatic basin has a microtidal regime and is dominated by a cyclonic circulation driven by thermohaline currents (Poulain, 2001) . The North Adriatic Sea receives the highest river runoff of the entire Mediterranean Sea. The basin is highly sensitive to variations in river runoff and atmospheric conditions because of its shallowness (the Adriatic area North of the Po delta is less than 35 m deep). River runoff affects the circulation through buoyancy input, which is one of the major driving forces of the Western Adriatic Coastal Current (WACC; Orlic et al., 1992) , and impacts the entire basin by introducing high loads of sediment and related organic matter, nutrients and pollutants (Miserocchi et al., this volume) .
The Po River, with an average annual discharge of 1500 m 3 s -1 , accounts for about 50% of the total northern Adriatic river runoff (Syvitski and Kettner, this volume) . A cyclonic circulation gyre is enhanced by the Po River plume and results in trapping fresh waters along the west side of the basin. In this shallow part of the basin, hypoxic events occur, typically, between September and November and reflect: low current velocities at the gyre centre, enhanced water stratification which reduces vertical mixing, and high turbidity which prevents light penetration. Currents are stronger away from the gyre centre, resulting in a prevailing flow to the SE along the Italian coast, a flow that appears consistent with the overall shore-parallel thickness distribution of the late-Holocene clinoform (Cattaneo et al., 2003) . Sediment transport is enhanced in the northern Adriatic by the northeasterly Bora wind that enhances waves and currents especially in winter, with an average southward transport along the shelf and little across-shelf transport (Lee et al., 2005) .
METHODS
This work is based on a large dataset of high-resolution CHIRP sonar profiles and sediment cores acquired by ISMAR (CNR) over the last ten years. Seismic-reflection profiles were used both to create a Digital Terrain Model of the wide Adriatic shelf area and to correlate seismic reflectors at the base and within the late Holocene mud wedge. Bathymetric maps (including limited zones with multibeam surveys) and thickness maps are stored in a GIS (ArcGis) to facilitate spatial analyses of regional trends.
In this paper we take advantage of the well-established geologic framework within the Adriatic late Holocene clinoform to present new data on the bottomset area and infer the role of oceanographic energy in clinoform development. The basin-wide correlation of the Adriatic mud clinoform was checked through the analysis of sediment cores that allowed the establishment of a chronology based on several methods, such as foraminifera ecozones, pollen record, magnetic secular variations, tephrochronology, and several tens of AMS 14 C dates (Trincardi et al., 1994 Asioli, 1996; Calanchi et al., 1998; Correggiari et al., 2001; Oldfield et al., 2003; Cattaneo et al., 2003; Asioli and Piva, in press ). The work on tephra layers as correlation tools was extended through the search and characterisation of micro tephras (Lowe et al., this volume) . Work on short-lived radionuclides has been used to define accumulation rates over the last Century and hints at changes in sediment flux in response to short term human impacts Frignani et al., 2005; Palinkas and Nittrouer, this volume) .
RESULTS
Basin-wide stratigraphic correlation of the late Holocene mud wedge bottomset
In two dimensions, the Adriatic mud clinoform is a relatively simple feature characterised by a gentle topset, a foreset of variable relief and steepness and a muddy or barren bottomset.
The growth of the Adriatic clinoform shows four main characters: 1) the thickness distribution of the mud wedge as a whole is shore-parallel and reflects the dominant oceanographic regime of the basin (Correggiari et al., 2001; Nittrouer et al., 2004) ; 2) a prominent shore-parallel subaqueous rollover point separates topset and foreset strata in progressively deeper waters from the Po delta (few meters water depth) to the area offshore Gargano (ca. 28 m water depth); 3) the overall wedge geometry of the central Adriatic clinoform lacks clearly identifiable individual river deltas and prodeltas; 4) the Gargano subaqueous delta, located down-current of the Gargano rocky coast and far from any direct river input, accounts for about 15% of the total volume of the late-Holocene mud wedge (Cattaneo et al., 2003) . All these observations are consistent with the direct observation of the West Adriatic Coastal Current governing sediment dispersal during modern conditions (Poulain, 2001; Nittrouer et al., 2004) . Furthermore, the thickness distribution along coastal bulges or buried structural highs is also skewed to the SE with respect to the bulge or bathymetric high as observed around Ancona promontory (Correggiari et al., 2001 ), Punta
Penna (Cattaneo et al., 2003) , and Gargano promontory (Ridente and Trincardi, 2002) . These evidences suggest an along-strike sediment dispersal feeding the clinoform foresets and demonstrate the importance of currents in redistributing sediment delivered to the basin by the Po and Apennine rivers. yr BP) approximates the basal downlap surface seen on seismic profiles onto which the Adriatic mud clinoform is built. In the Adriatic basin, the LO of G. inflata marks the onset of the modern circulation regime after the attainment of the sea level highstand, when the Adriatic became oligotrophic as it is today (Asioli, 1996) . Another significant basin-wide marker in the Adriatic is the LO of Globigerinoides sacculifer (ca. 1200-1300 AD). G.
sacculifer is a surface dweller, requiring warm and clear waters, and disappears with an increase in turbidity of the water mass. Therefore the timing of its last occurrence indicates the base of the Little Ice Age (LIA), an interval of substantial increase in sediment accumulation rates in the clinoform (Oldfield et al., 2003; Cattaneo et al., 2003; Correggiari et al., 2005a, b; Lowe et al., this volume; Asioli and Piva, in press ).
The transect of Figure 5 also includes cores at the shelf edge and in the Mid Adriatic Deep (MAD) slope basin to document the occurrence of a distal correlative of the shelf clinoform beyond the bottomset. Both in the MAD and in some of the shelf cores, where resolution is higher, the relative abundance of G. sacculifer shows significant oscillations that, accompanied by other environmental parameters, reflect supply fluctuations driven by climate and human impact (e.g. sediment core RF93-30, Oldfield et al., 2003) . The implication is that the Adriatic mud clinoform does not grow on a steady state basis, but in successive pulses alternated by relatively condensed deposition. This pulsed sedimentation can also bee seen in the bottomset area (e.g. core RF93-30) if analytical resolution is sufficient to detect it.
Highly-energetic bottomsets: evidence from seismic stratigraphy and sediment cores
By analysing the seismic-reflector record of high resolution dataset in the Adriatic clinoform, we can highlight a suite of features in the bottomset that give indirect evidence of sediment dynamics. At distinct locations along the Western Adriaric margin, the bottomset is characterised respectively by: 1) a sediment lag where the clinoform advances on a very shallow foundation surface (north Adriatic), or 2) uniform mud deposition in deeper shelf areas except offshore coastal bulges (such as Ancona, Punta Penna, Gargano), or 3) preferential mud deposition on the northwestern side of pre-existing relief, when present (central Adriatic). When all this variability is taken into account, the clinoform appears as a markedly three-dimensional feature that is much more complex than it would appear solely on 2D seismic profiles. In the next section we show examples of the three mentioned cases, where evidence of sediment re-suspension and/or bottom current interaction with seafloor morphology in the bottomset documents the important role of lateral advection.
Bottomset in shallow water (north Adriatic)
The Adriatic shelf north of the Po delta is relatively shallow, reaching a maximum depth of 30 m and having a very subdued gradient (longitudinal gradient of 0.02°). Several rivers draining the Southern Alps result in the progradation of deltaic systems that appear progressively less pronounced at the shoreline proceeding East to West (towards the Venice lagoon). These systems tend to build prodelta deposits in water depths that are typically less than 15 m deep and typically do not extend into water >20 m. Further offshore, the seafloor is characterised by relict sediment reworked during the last sea level rise and, possibly, afterwards . The Tagliamento prodelta is typical of this setting where progradation likely started a few thousand years ago (Brambati and Venzo, 1967) . The maximum thickness of the Tagliamento mud wedge is 8-10 m. The clinoform has a shallow topset connected to the modern shoreface (few meters deep), a shingled internal reflector geometry with a foreset dipping ca. 0.5 o , and limited offshore extent (Fig. 6) . Although markedly smaller, the mud clinoform of Tagliamento and those of other North Adriatic prodeltas compares and physically correlates to that of the Po and of the Apennine rivers, further south along the western side of the Adriatic (Figs. 1, 2) .
Cores recovered through the bottomset of the Tagliamento prodelta allow estimation of the age of the deposits through 210 Pb measurements (Frignani et al., 2005) . The 210 Pb activity profile of core GRA87-599 indicates that the entire mud bed above the maximum flooding surface deposited in the last century (Fig. 6) . Over the last few millennia, the net deposition in this area was nil due to episodic reworking, while sediment accumulation rate results up to several centimeters per year if calculated over the last century. We consider this evidence as the most striking proof of an actively swept bottomset; in this view, the 210 Pb data indicate that the temporary residence time of sediment in this area can be in the order of at least one century (Fig. 6) . The evidence of a bottomset episodically swept by currents or waves is consistent with the occurrence of storm waves up to 6 m (Cavaleri, 2000) . Storm wave action accompanied by wind-driven shelf currents may cause the re-suspension of all prodelta sediment. This sediment is likely made available to lateral advection by bottom currents, as indicated by the elongate and shore-parallel thickness distribution of the prodelta deposit in this area. The overall deepening of the clinoform towards the South East suggests that sediment could accumulate down flow in the foreset area of the Western Adriatic clinoform.
Furthermore, the evidence of such an energetic bottomset suggests that similar or even more energetic environmental conditions favour re-suspension and erosion of sediment from the foreset and topset regions, as proposed for other shallow water muddy clinoforms (e.g. the Atchafalaya clinoform in the Gulf of Mexico; Neill and Allison, 2005) .
Bottomset influenced by position of coastal outbulges (Ancona, Punta Penna, Gargano)
A change in coastal orientation may affect along-shore transport and consequently the shape of a clinoform by controlling the depth and distance from shore of the subaqueous rollover point, and the steepness of the foreset (Fig. 3) . Changes in coastal configuration, such as the presence of a promontory or coastal bulges, likely induce changes of the direction and velocity of coastal/shelf currents and consequently of shelf erosion/deposition ratio and depth of preferential sediment accumulation. Along the Western Adriatic there are three such examples. First, for about 100 km south of the Ancona coastal bulge (Fig. 1) , the topset of the clinoform broadens and the offlap break slightly diverges from the coastal trend but does not deepen significantly, possibly suggesting decreased energy conditions downcurrent of the coastal constriction to the Western Adriatic Coastal Current (Figs. 2C and 3) . Second, an area of enhanced sediment ablation on flat-topped structural highs located in 50-70 m of water depth is particularly evident offshore Punta Penna (Figs. 1 and 3) . Third, a similar, but more dramatic, configuration is found around the Gargano Promontory, the most prominent coastal bulge of the entire Adriatic (Figs. 1 and 3 ).
In particular, offshore Gargano the mud clinoform reaches its maximum thickness and has the steepest foreset along an east-west area elongated for 80 km parallel to the northern (and up-current) side of the Gargano Promontory and likely reflects flow restriction. Compared to the relatively simple geometry of the Ancona promontory, the Gargano area is complicated by the occurrence of a flat bedrock outcrop in about 50-80 m water depth (Fig. 2F) . The rapid cross-shelf transition from a thickness of 30 m of mud to nil is a good indication of the role played by southward-flowing, bottom-hugging currents that likely prevent deposition in the bottomset and cause sediment redistribution along the shelf. Supporting evidence for this topographic effect on the current path and intensity can be found in the gradient seafloor map around the Gargano Promontory, where the foreset is "split" into a shallow-water feature above and a slightly deeper-water component around the submerged structural high (Fig. 3,   inset) . Also multibeam bathymetry and seafloor backscatter imagery show features with a well developed W-E trend (Fig. 7) . For example, Figure 7B shows a grey scale of shadowrelief with superimposed backscatter in color, highlighting elongated areas of high reflectivity (white arrow) that could indicate a change in sediment texture caused by enhanced currents north of the Gargano Promontory.
Bottomset in areas with topographic irregularities (central Adriatic)
In the Central Adriatic, the mud clinoform shows small scale irregularities (mud reliefs, few meters high) that can be detected on bathymetric and seismic profiles both in the foreset and in the bottomset (Correggiari et al., 2001; . Indirect evidence of active bottom currents at the depth of the foreset-bottomset transition comes from the observation of asymmetric sediment accumulation on the flanks of such irregularities (Fig. 8) . Preferential mud accumulation occurs systematically updrift of the relief that sticks 3 to 5 m above the present seafloor (for a discussion on the origin of these reliefs see Trincardi et al., 2000; Correggiari et al., 2001; Trincardi et al., 2004b; Cattaneo et al., 2004b ).
In the area offshore Vieste (north of Gargano), similar mud reliefs affect the bottomset of the mud clinoform. In this area, swath bathymetry data indicate that the relief crests are elongated and tend to be oriented sub-parallel to the regional bathymetric contour and the coastline (Fig. 7D) . The prevailing orientation of the mud reliefs in the bottomset is also parallel to the strike of the foreset (upslope) where the latter shows the maximum steepness of the entire Adriatic clinoform (> 1.2°, Fig. 3) . The mud reliefs, whatever their origin is (see discussion in Trincardi et al., 2004) , certainly interacted with the bottom current in the area of flow acceleration in front of the Gargano coastal bulge; no direct measurement of this accelerated bottom current is available, but superficial current show clearly this acceleration effect (Poulain, 2001 ).
DISCUSSION
Mechanisms of muddy clinoform growth
Progradational clinoforms reflect the interaction of sediment source dynamics, accommodation space fluctuations and sediment dispersal by waves and currents. In general, clinoforms reflect variable proportions of diffusion and lateral advection (Driscoll and Karner, 1999) . As an end-member of the clinoform family, Gilbert-type deltas, dominated by gravity-driven processes on steeply dipping foresets, are essentially diffusion dominated systems. We regard muddy clinoforms (such as those composing the Adriatic prodelta wedge)
as the opposite end-member, dominated by a significant component of advection. Advection becomes the exclusive component of sediment delivery in subaqueous deltas that are nourished by sources located up to hundreds of km up-current (Cattaneo et al., 2003) .
Recently Swenson et al. (2005) defined a ''phase diagram'' for fluviodeltaic clinoforms that is analogous to the ternary diagram that describes subaqueous (fluvial) deltas (Wright and Coleman, 1973) . The two end-members represent "terrestrial-dominated" clinoforms (Gilberttype, where diffusion processes dominate) and "basin-dominated" clinoforms like subaqueous deltas. Intermediate conditions generate compound-clinoform geometries (Nittrouer et al., 1996) , in which the shoreline rollover separation increases with increasing wave-current driven shallow marine transport processes (Swenson et al., 2005) .
Several papers investigated the growth pattern and along-strike variability of the GangesBrahmaputra subaqueous delta (Allison, 1998; Michels et al., 1998) . In particular Michels et al. (1998) observed the difference between three bathymetric profiles and coupled them with sediment accumulation rates derived from 210 Pb activity measurements. They pointed out some eastward trends in clinoform growth: a) shallowing of bathymetric profile, b) steepening of the subacqueous delta front, and c) smaller distance between topset and bottomset (Michels et al., 1998 ; Fig. 4, right) . By applying the same technique along strike on the Adriatic mud belt, we observed a different pattern (Fig. 4, left) , and formulated the observation in a «process-oriented» perspective, that is in a downcurrent direction (westward in the GangesBrahmaputra, southeastward in the Adriatic). In this sense it is possible to say that a muddy shelf clinoform dominated by lateral advection (Driscoll and Karner, 1999; Cattaneo et al., 2003) tends to show, away from its sediment source: 1) overall deepening of the bathymetric profile; 2) deepening of the rollover point; 3) flattening of the subaqueous delta front; 4) increasing distance between topset and bottomset. This is valid for the Ganges-Brahmaputra subaqueous delta (Figs. 4 right) , seems to reflect the shelf dynamics explained by the schemes of McCave (1972; Fig. 9 ) and is summarized in Figure 10A . In the Adriatic, we noted another superimposed trend, likely due to the presence of coastal outbulges and focusing of shelf currents. In particular, points 1 and 2 above are valid, but there is a steepening of the foreset (in particular around the Gargano promontory) likely due to the increased slope of the foundation surface (as suggested by Pirmez et al., 1998) and to the confining effect of enhanced shelf current (see the proposed scheme of Figure 10B ). Both at the latitude of Ancona and Gargano there are current gyres depending from the shape of the basin (Poulain, 2001 ) that could enhance this effect of mud confinement.
Possible mechanisms of clinoform growth on the Adriatic shelf include: 1) bottom Ekman transport Puig et al., this volume) , 2) down-welling and seaward bottom flows, observed when winds pile water against the coast , or 3) gravity flows triggered from river floods that are not observed today, but appear possible before dam construction in the Apennine Rivers (Syvitski and Kettner, this volume) . The morphology and thickness distribution of the Adriatic shelf clinoform reflects sediment transport by the WACC parallel to the clinoform strike . The dominance of this kind of mechanism is evident when the resulting sediment thickness distribution is time-averaged over complementary intervals (the last century, the last 500 years and the last ca. 5000 years) all characterised by depocentres that are elongated parallel to the coast .
While most models assume that clinoforms grow essentially as supply-limited systems (i.e., they build in equilibrium with sediment supply), the Adriatic example shows that the growth of a clinoform can be energy-confined as it reflects the impact of shore-parallel currents. In the Adriatic, the WACC, which increases energy in the bottomset, prevents sediment from escaping the foreset region and transfers the sediment all the way to the area off the Gargano promontory (Cattaneo et al., 2003) . Where advection dominates, like in the case of the Adriatic muddy clinoform, the seaward extent of the foreset appears limited by increasing energy at the seafloor rather than by a relatively simple decrease in sediment flux from proximal to distal locations along a shore-normal transect. Evidence for this are particularly convincing in areas where a complex sea floor morphology develops in response to soft sediment deformation Trincardi et al., 2004b) or in areas where tectonic deformation during the Quaternary defines bathymetric highs with locally steeper flanks against which shore-parallel currents accelerate.
Implications for clinoform modeling
Depth and morphology of the fundation surface
The deposition of fine sediment particles is principally dependent on hydrodynamic, which has to be low to allow settling. However, the morphological environment may also influence sediment deposition and the concept of foundation surface was introduced in sequence stratigraphy to define the importance of the surface morphology onto which a clinoform is emplaced (Helland-Hansen, 1994 and 1996) . This factor is relevant in at least one of three ways: 1) the depth of the surface onto which a progradational wedge advances controls the preservation potential of the deposit; on the shallow North Adriatic shelf, rivers build shingled units that are thinner and undergo more dramatic resuspension than their Apennine counterparts (all prograding in water depths that are at least twice as deep); 2) on local scale, the occurrence of pre-existing depressions may be preferentially filled compared to other adjacent zones; and/or 3) the presence of rock outcrops, that may be swept preferentially by currents, can also create hydrodynamic protection (defining local lower energy areas), functioning as a barrier for the sediments transported by the bottom nepheloid layer, which is intensified during storms (Drago et al., 1999; Puig et al., this volume) .
Clinoforms in 3D
In the Adriatic clinoform, the most relevant character is that the strike of the foreset is everywhere consistently sub-parallel to the coast and to the sediment-laden WACC coastal current. A numerical model based on time-averages marine sediment dynamics supports an important role of shelf current advection in the generation of the Adriatic shelf clinoform (Niedoroda et al., 2005) . The significant advection to the SE, however, does not generate a clinoform that progrades in the same direction of the current, but at some 90 o towards the basin. Furthermore, along the clinoform strike, we observe a basin-scale deepening of both the rollover point and the bottomset that reflect a concurrent deepening of the foundation surface. These changes reflect a lateral change in the balance between supply and effective accommodation, i.e. the space that can effectively be exploited by accumulation and is limited by the oceanographic energy term (Thorne and Swift, 1991) . The definition of accommodation in terms of "regime" is at the base of the regime model of Thorne and Swift (1991) . Lateral advection of shelf clinoforms implies a highly energetic environment as a limiting factor for sediment accumulation in the bottomset and as a major factor conducive to downcurrent elongation of shelf clinoform.
Simplified geological models explain the growth of clinoforms as two-dimensional features where sediment is transported exclusively across a continental margin. Instead, clinoforms, like all strata packages, are three-dimensional objects and reflect the interplay between water depth, sediment supply, and hydrodynamics (Driscoll and Karner, 1999) . The three-dimensional view of clinoform and the adequate consideration of the energetic regime at the seafloor could also help understand the shape and location of sediment bodies on the shelf. In the case of late Holocene muddy shelf clinoforms off the major Mediterranean rivers, this combination of factors could account for a major component of sediment advection along the margin. It is not paradoxical to suppose that sediment accumulating on the foreset is coming from a lateral source rather than from a direction perpendicular to the shoreline, as frequently assumed by oversimplified sedimentation models. Additionally, part of the sediment could even derive from the bottomset area updrift of the foreset accumulation zone, if we have to consider the bottom Ekman effect of a strong bottom current flowing roughly parallel to a margin. Studying clinoforms in 3D is interesting to evaluate the spatial variations of sediment accumulation within the clinoform sub-elements (in particular the downcurrent variations for advection dominated muddy shelf clinoforms). This observation could lead to more realistic simulations of sediment dynamics in stratigraphic modeling.
In the shallow northern Adriatic the bottomset is directly impacted by the action of storm waves resulting in punctuated events of sediment erosion and removal, while in the central
Adriatic an important limiting factor in bottomset sedimentation could be represented by bottom currents. At any site, on the Adriatic shelf, the component of clinoform growth in a basinward direction seems to be dominated at present by bottom Ekman transport, although transport by gravity flows could have been important when Apennine Rivers were not dammed (until about 50 years ago). The physical processes that govern the clinoform growth today were likely at work over the last few thousand of years even though sediment supply was not steady and extensive river damming since the 1950s induced further limitations.
Secular-to decadal-scale supply fluctuations can be precisely defined based on integrated stratigraphic techniques.
We presented indirect evidence for this increased energy level in both cases. An enhanced integration of physical oceanography observations and stratigraphic studies could test these hypotheses and bridge the gap between process studies and stratigraphic reconstructions. This evidence remains in part indirect, especially in the bottomset area, and would need further experimental work in terms of "stratigraphically-driven" current measurements (Ogston et al., in press ). This will also provide new tools to stratigraphic modelling to predict more effectively sediment depositional patterns on continental shelves, to the benefit of a vast community of shelf management authorities.
CONCLUSION
The Adriatic shelf clinoform originated after the attainment of the present sea level high stand through a mechanism of prevailing coast-parallel sediment transport from the main sediment entry point in the North (the Po delta) to its farthest reach, several hundreds of Western Adriatic Coastal Current is particularly energetic in the foreset-bottomset transition in the Central Adriatic, where the clinoform foreset is steeper, the foundation surface and the rollover point deeper and the overall progradational wedge thicker. These observations are consistent with limited direct current measurements at the base of the foreset (e.g., Puig et al., this volume) and with numerical modeling run on the Adriatic clinoform formation (Niedoroda et al., 2005) .
It is commonly implied that decreased sediment accumulation rates in the bottomset reflect a decrease in sediment flux beyond the foreset. In this view, the bottomset would passively reflect the trapping of sediment in the foreset. Based on the Adriatic example, we suggest that muddy clinoforms, where advection is dominant and sub-parallel to the clinoform strike, are confined to their position through a substantial increase of environmental energy in the bottomset region. In this view, sediment is trapped landward of the bottomset and is forced to move along strike in the foreset region rather than offshore across the bottomset. These conclusions reinforce the view of clinoforms as reflecting a dynamic balance between energy , and for the Ganges-Brahmaputra subaqueous delta (right, modified from Michels et al., 1998) . In both cases the foreset shows the maximum sediment accumulation rate. Note that in the Ganges-Brahmaputra there is a down current (from profile P3 to P1) deepening of the bathymetric profile and rollover point, an increase in the topset-bottomset distance and a flattening of the foreset. In the Adriatic, instead, the foreset is steeper in the down current direction (from Po to East Gargano), as a possible result of bottom current forcing sediment against the basement high and coastal outbulge of the Gargano promontory. Fig. 5 . Basin-wide stratigraphic correlation of sediment cores (located in Fig. 1 ) from the Adriatic shelf clinoform. Core RF93-30 was taken from the central Adriatic clinoform, where the bottomset deposit provides a continuous record of sedimentation during the late Holocene (Oldfield et al., 2003) . Core AMC99-01 is a reference stratigraphic core in the center of the basin. The scheme is based on seismic correlation of the cored stratigraphic units , Correggiari et al., 2001 , Cattaneo et al., 2003 , magnetic susceptibility log matching, 14 C AMS datings, foraminifera ecozones, and tephrochronology (Asioli, 1996; Asioli et al., 2001; Oldfield et al. 2003; Asioli and Piva, in press reported from papers mentioned in Table 1 , and represent for cores AN97-2, AN97-15 and RF93-30 "calibrated age range" (yr BP; calibration with Calib 4.3), for cores PAL94-8 and PAL94-9 "calibrated age (yr BP) ±1 sigma error (yr)" (Stuiver et al., 1998) . that could indicate an area swept by bottom currents. C) Map of superficial sediment around the Gargano promontory (from Sigl, 1973) showing that the coarser sediment has an elongated distribution around the promontory, possibly reflecting the action of currents. D)
Slope gradient map north of the Gargano promontory highlighting West-East trend in an area characterised by seafloor mud reliefs (Trincardi et al., 2000) ; this trend is an indication of shore-parallel current. 
